Adipocyte is the only cell whose size may vary dramatically in physiological conditions. We hypothesized that increase in fat cell size per se could modulate several signalling pathways by changing the relationships between the cell and the extracellular matrix. The aim of the current study was (i) to examine whether within the same fat depot, metabolic functions of adipocyte were modified by cell size and (ii) if such an adaptation exists, to look for an integrin/extracellular-signal-regulated kinases (ERKs) signalling pathway. RESULTS: We isolated two populations of adipocytes with different volumes (67 and 22 Â 10 3 mm 3 ) within the same adipose location. In large compared to small fat cells, fatty acid synthase and lipoprotein lipase activities were increased two-and sevenfold, respectively; GLUT4 protein concentration and leptin expression were increased three-fold; lipolytic capacity was increased four-fold. The integrin/ERK signalling pathway could be the one responsible for the adaptation of adipose functions to cell size. In large compared with small adipocytes, we showed that b 1 -integrins are present in adipose membranes and at a higher concentration in large than in small cells. In isolated adipocytes, stimulation of b 1 -integrins with a specific monoclonal antibody results in ERK 1 and ERK 2 activation. In large compared to small cells, cytoplasmic concentrations of these two mitogen-activated protein kinases were increased two-fold, whereas their activities were increased 10-fold. CONCLUSION: A b 1 -integrin/ERKs signalling pathway is present in mature adipocyte. Increase in cell size, by modifying the relationships between cell and extracellular matrix, could turn on this pathway. Since ERKs can modulate transcription factors and subsequently modulate gene expression important for adipose function, this pathway could play an important role in the adaptation of adipose functions to cell size.
Introduction
The relationships between cell volume and cell function have been investigated (for review see Waldegger and Lang) 1 especially in cells that exhibit swelling or shrinkage in the face of extracellular and/or intracellular osmotic perturbations. For example, it has been suggested that hyper-and hypotonicity changes in liver cells may play an important role in regulating hepatic glucose metabolism by altering gene expression. 2 Cells with an important storage capacity such as hepatocytes or adipocytes are subject to changes in volume of greater amplitudes than those observed after osmotic perturbations. However, adipocyte is the only cell whose size may vary dramatically in physiological conditions. In healthy human beings, adipose cell volume also increases currently by 20-30 times (a three-fold increase in diameter is equivalent to a 3 3 -fold increase in volume). These changes are even larger in obesity syndrome that is mainly characterized by fat cell hypertrophy. 3 In adipose tissue from obese animals or humans, several metabolic functions are subject to change with adipocyte size. These functions include storage and mobilization of lipids, 4, 5 and secretion of both leptin 6 and tumour necrosis factor a (TNFa). 7 However, obesity is characterized by metabolic abnormalities such as insulin resistance, 8, 9 and it is not known whether changes observed in enlarged fat cell from obese subjects are only due to the hormonal and nutritional milieu, or if cell hypertrophy per se also has a role in this adaptation.
Most studies have compared small adipocytes from young animals with large adipocytes from older animals. 10, 11 In adipocytes from the same donor, a few data are available and are rather conflicting. Glycerolipid biosynthesis has been reported to be increased as a function of cell size in human 12 and in young rats, but not in old rats. 11 Leptin expression would be correlated with adipocyte number but not with size in JCR:LA-corpulent rats. 13 Thus, it is not clear whether all metabolic functions of fat cell vary with cell size, independent of changes in nutritional or in hormonal conditions. Furthermore, if such a response of the fat cell occurs, the signalling pathways involved in the adaptation of adipose function are unknown. In addition to the adaptation of fat cell metabolism induced by changes in nutrient and hormone fluxes, an increase in fat cell size, per se, by changing the relationships between cell and extracellular matrix, could also modulate several signalling pathways. The link between the inside and the outside of the cell is established at least partly through integrins that are cell-surface receptors. It is now firmly established that the extracellular matrix modulates integrin activation and subsequently the expression of many genes involved in important cellular events like cell growth, differentiation and survival. One of the most studied integrin-derived signalling is the mitogen-activated protein kinases (MAPKs) cascade, including the extracellular-signalregulated kinases (ERKs) (for review see Boudreau and Jones 14 ). It is known that activation of ERK 1 and ERK 2 results in the phosphorylation of both cytosolic proteins involved in adipocyte metabolism such as Rab4 and the hormonesensitive lipase (HSL), 15 and transcription factors such as sterol regulatory element-binding protein (SREBP) and peroxysome proliferator-activated receptors g (PPARg). 16, 17 More recently, it has been demonstrated that integrin signalling also plays a critical role in the activation of SREBP in endothelial cells. 18 SREBPs are key transcription factors that modulate expression of numerous genes involved in the biosynthesis of cholesterol and fatty acids (see Brown and Goldstein 19 ), and SREBP2 (one among the three members of this family) is induced in enlarged adipocytes in several models of rodent obesity. 20 The aim of the current study was to examine whether, within the same fat depot, metabolic functions of adipocyte are modified by cell size and, if such an adaptation exists, whether an integrin/ERKs signalling pathway could be involved as one of the underlying mechanisms. We found that in rat the main adipocyte functions depend on fat cell volume and that activation of the ERK 1,2 signal transduction pathway possibly as the result of integrin signalling occurs when fat cell volume increases.
Methods

Animals and tissues
Lean animals from the Zucker rat colony established in our laboratory were housed in a temperature-controlled room (22711C) with light, on from 07:00 to 19:00. They had free access to water and laboratory chow (UAR, France). Male lean (Fa/fa and Fa/Fa) rats, 10-12 weeks old, were killed and epididymal adipose tissue was rapidly excised and immediately processed for fat cell isolation.
Adipocyte isolation and separation in two populations of different sizes For each preparation, three lean Zucker rats were used (indistinct from Fa/fa or Fa/fa genotypes since it has been shown previously that the distribution of cell sizes is similar in both genotypes 21 ). Mature fat cells were isolated by collagenase treatment of epididymal adipose tissue according to Rodbell. 22 Determination of fat cell size and number Diameters of at least 200 cells from each adipocyte suspension were measured using both a microscope with ocular micrometer and the Perfect-Image software (Clara Vision). A frequency distribution plot of cell diameters was used to determine the mean fat cell diameter and standard deviation about the mean; from these, the mean fat cell volume and surface area were then determined using standard equations. Mean fat cell weight (mg lipid/cell) was calculated from cell volume, assuming that the density of lipid is equal to that of triolein (0.915 g/l). 23 After determination of triglyceride concentration (Kit Infinity triglyceride reagent; Sigma Diagnostics) in the cell suspension, fat cell number was calculated by dividing the lipid content of the cell suspension by the mean fat cell weight.
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Adipocyte incubation with anti-b 1 -integrin monoclonal antibody Isolated adipocytes were maintained at 371C for 45 min in a minimum essential medium (Gibco BRL) containing Hank's salts (Gibco BRL), 4 mM sodium bicarbonate and 3% BSA. 
Cytosolic supernatant preparation
Adipocytes were vigorously shaken in 20 mM 3-Morpholinopropanesulphonic acid buffer, pH 7.4, containing 0.1% Triton X-100, 1 mM EDTA and antiproteases. Supernatants of a 100 000 Â g (20 min, 41C) centrifugation were collected and used for MAPK assay or measurement of ERK concentration by Western blot analysis.
Immunoprecipitation for measurement of b 1 -integrin concentration Equivalent amounts of membrane proteins (25 mg) were immunoprecipitated with 1 mg anti-b 1 -integrin monoclonal antibody (MAB2253Z, Chemicon International) and 3 mg protein-A sepharose, overnight at 41C. After centrifugation (12 000 Â g, 2 min, 41C), the resulting pellet was washed four times with 1 ml buffer (50 mM Tris-HCl, 100 mM NaCl, 1% Triton X-100, pH 7.4) and used for Western blotting.
Western blot analysis
Proteins (either from cytosol or membrane extracts) were usually suspended in Laemmli buffer containing 1 mM DTT and 3.8 M. urea (except for b 1 -integrin assay which was performed in nonreducing conditions) and were submitted to SDS/PAGE (12% polyacrylamide for GLUT4, 10% for ERK 1,2 , 7.5% for b 1 -integrin) gel electrophoresis and then electrotransferred onto Hybond ECL (Enhanced Chemo Luminescence) nitrocellulose membrane (Amersham Pharmacia Biotech, UK). Membranes were incubated with the appropriate antibody (anti-GLUT 4 (gift from Dr S Cushman, NIH Bethesda); anti-ERK 1 (sc-94, Santa-Cruz Biotechnology, USA); anti-ERK 2 (sc 1647, Santa-Cruz Biotechnology); antiphosphorylated ERK 1,2 (V8031, Promega, USA), and anti-b 1 -integrin (MAB2253Z, Chemicon International)) and revealed by ECL (Amersham Pharmacia Biotech).
MAPK assay
Equivalent amounts of cytosolic proteins (150 mg of 100 000 Â g supernatants of cell lysates) were immunoprecipitated with 2.5 mg monoclonal antibody: anti-ERK 1 (13-8600, Zymed Laboratories) or anti-ERK 2 (sc 1647, Santa-Cruz Biotechnology) and 3 mg protein-A sepharose at 41C overnight. After centrifugation (12 000 Â g, 2 min, 41C), the resulting pellets were washed three times with 1 ml of washing buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 5 mM EDTA, 1% Triton X-100, 30 mM NaF, 0.4 mM Na 3 VO 4 ) and then with 1 ml of the kinase buffer (20 mM HEPES pH 7.5, 1 mM DTT, 10 mM MgCl 2 , 0.4 mM Na 3 VO 4 , 50 mM ATP). Reaction was initiated by addition of 40 ml kinase reaction buffer containing 0.25 mg/ml of myelin basic protein and 2 mCi of [g-32 P] ATP. After incubation for 30 min at 301C, the reaction was stopped by addition of 10 ml SDS/PAGE sample buffer (Tris-HCl 100 mM pH 6.8, SDS 2%, glycerol 20%, DTT 300 mM, bromophenol blue 0.004%). The mixture was boiled for 5 min and subjected to SDS/PAGE in 12% polyacrylamide gel. Proteins were then electrotransferred onto Hybond ECL nitrocellulose membrane (Amersham Pharmacia Biotech), which was subjected to autoradiography.
RNA extraction and real-time RT-PCR
Total RNA was extracted from isolated adipocytes using the guanidine thiocyanate method. cDNA was synthesized from 5 mg of RQI Dnase-I treated (Promega, France) total RNA using random hexamers and murine Moloney leukaemia virus reverse transcriptase (Life technologies). Design of specific primers was carried out using either the Primer Express (Perkin-Elmer Biosystems) or Oligo (MedProbe, Norway) softwares. Real-time quantitative RT-PCR analyses were performed starting with 50 ng of reverse transcribed total RNA, with 200 nM of both sense and antisense primers (Genset) in a final volume of 25 ml using the Sybr Green PCR core reagents in an ABI PRISM 7700 Sequence Detection instrument (Perkin-Elmer Applied Biosystems). Relative Change in cell size and adipocyte functions C Farnier et al quantitation for a given gene, expressed as fold variation over 'small adipocytes', was calculated after normalization to ribosomal 18S RNA and determination of the difference between C T (cycle threshold) in 'large' and 'small adipocytes' (C T ) using the 2 ÀCT formula. Individual C T values are means of three measurements. Experiments were repeated twice.
Lipolysis
Isolated fat cells (500 Â 10 3 ) were incubated at 371C for 1 h in 2.5 ml Krebs Ringer bicarbonate buffer containing 5 mM glucose and 4% BSA, pH 7.4 with or without 10 À6 M (À)-isoproterenol in an atmosphere of O 2 /CO 2 (95/5) in stoppered Nalgene vials. Then, 1 ml of the incubation medium was removed, acidified with 100 ml of 30% trichloroacetic acid. The mixture was vigorously shaken and then centrifuged at 10 000 Â g for 10 min at 41C. A volume of 700 ml of supernatant was collected and neutralized with 80 ml of 10% KOH and assayed for glycerol content (Kit glycerin/glycerol 148 270 F Boehringer Mannheim).
Protein assay
Protein concentration was measured according to Bradford 27 with BSA as standard.
Statistical analysis
Results are expressed as mean7s.e.m. The level of significance in the difference between groups is calculated by unpaired Student's t-test.
Results
After isolation by collagenase treatment, adipocyte diameters range from 20 to 100 mm ( Figure 1a ). The floatation method separates two populations of adipocytes of different sizes (Figure 1b ). This technique is reproducible and we obtain 'small' and 'large' cells whose diameter differs significantly. This difference in diameter represents a threefold variation in volume ( Figure 1c ) and allows us to investigate whether cell functions, within the same adipose location, are modulated by changes in cell size. For each experiment, the cell number was determined and it was then possible to calculate a correspondence between protein (or RNA) concentrations and the number of adipocytes. For example from 10 6 cells, we obtained Figure 2a show that the capacity for fatty acid synthesis from glucose, measured by the activity of FAS (one of the key lipogenic enzymes), was increased two-fold in large adipocytes. Figure 2a also shows that in large cells, the uptake capacity of lipids from circulating lipoproteins was dramatically increased since LPL activity was seven-fold higher. Taken together, these results demonstrate that the ability of fat cell to store lipids increases with cell size. We then analysed the capacity of lipid mobilization by measurement of in vitro lipolysis. The results are presented in Figure 2b . In basal conditions, no difference could be detected between the two populations of cells; however, in the presence of a betaadrenergic receptor agonist ((À)-isoproterenol 10 À6 M), glycerol release was four-fold greater in large adipocytes than in Change in cell size and adipocyte functions C Farnier et al small adipocytes. Thus, the capacity for lipid mobilization is also modulated by cell size.
To assess the endocrine function of isolated fat cells, we measured mRNA concentration of the main hormone synthesized and secreted by adipocyte: leptin. Expression of this cytokine was increased three-fold in large cells compared to small cells (2.670.19, n ¼ 11 and 1.070.16, n ¼ 9, units per cell, respectively, Po0.01).
This first set of data clearly demonstrates that cell size per se modulates cell functions in adipocytes taken from the same adipose location when no change either in nutritional or hormonal conditions occurs. In order to have a more global view of the effect of cell size on gene expression, we measured the expression of several genes by measuring their mRNA concentration using a real-time RT-PCR Taqman s method. Since total RNA concentration was two-fold higher in large compared to small cells, it was checked whether the relative concentration of 18S RNA/total RNA remained identical in small and large cells. Then the expression of each gene was quantified and normalized using simultaneous amplification of a ribosomal 18S RNA fragment so that change in the concentration of a specific mRNA could not be ascribed to the change in total RNA. The results presented in Table 1 show that in large adipocytes compared to small adipocytes, expression of 10 genes (among 34 studied) was increased more than 10-fold (10 to 60-fold). These genes encode for proteins that are specifically involved in both energy storage and mobilization (a 2 Change in cell size and adipocyte functions C Farnier et al cEBP-d, Id1, Id3) and in insulin signalling (p85-PI3K). Expressions of GAPDH, actin, leptin and cEBP-b were also increased but to a lesser extent (three to six-fold). These results suggest that cell size modulates the expression of specific genes beyond a general increase in gene transcription. Increase in fat cell size possibly induces changes in the relationships between cell and extracellular matrix. This phenomenon could be compared to shear stress, which is known to activate ERKs and to regulate gene expression in several cell types. 28 Integrins, by functioning as shear stress sensors, can regulate both MAPKs activity and gene expression. 29 However, this pathway has never been investigated in adipose cells. To get further insight into the mechanisms involved in the adaptation of fat cell function to change in cell size, we focused our attention on the b1-integrin/ERK 1,2 signalling pathway. b 1 -Integrin subunit is indeed expressed in many cell types including fibroblasts, the precursors of adipocytes. 30 We first looked for the presence of b 1 -integrin in isolated large and small adipocytes. Western blot analysis clearly shows that b 1 -integrin is detected in adipocytes; furthermore, there was a 60% increase in the concentration of b 1 -integrin in large compared to small cells (1.670.07, n ¼ 6 and 1.070.06, n ¼ 6, arbitrary units per cell, respectively, Po0.01). In order to know, as described in fibroblasts, whether activation of the MAPK pathway could result from integrin stimulation, we compared activation of the two ERKs in the absence and presence of a b 1 -integrin-specific monoclonal antibody which has been shown to promote clustering of integrins in another cell type. The results presented in Figure 3 show that in isolated adipocytes, such an activation of integrin led to an important phosphorylation of both ERK 1 and ERK 2 (increased three-and two-fold respectively). Last, it remained to be seen whether both the quantity and the activity of ERK 1 and ERK 2 in cytosolic supernatants of adipocytes were different in small and large cells. The results presented in Figure 4 show that in large compared to small cells, concentrations of the two MAPKs were significantly increased ( Â 2); furthermore, activities were much more affected by cell size than were the protein concentrations since they increased 10-fold.
Discussion
The present study was designed to investigate more extensively adipose cell metabolism according to cell size, when adipocytes are sampled within the same adipose location, that is, in the same nutritional and hormonal conditions. In the past, several studies have compared metabolic activity of small and large adipocytes from young and old rats or from lean and obese animals. 31, 32 Some conflicting data restricted to the study of triglyceride synthesis have also been reported in adipocytes from the same donor. 12, 10 The present study provides evidence that in 10-12 week old Zucker lean rats, cell size influences several aspects of fat cell metabolism and shows that within the same fat depot, storage and mobilization of lipids and endocrine functions are increased in large compared to small fat cells. This might have a physiological significance allowing adaptation of adipose tissue metabolism when fat accretion occurs with hypertrophy of fat cells rather than with hyperplasia. Different levels of regulation seem to be involved in the adaptation of adipocyte to changes in cell size.
In large cells, GLUT4 protein concentration, FAS and LPL activities as well as lipolytic activity were more important than in small cells. These adaptations could be explained by transcriptional and/or post-transcriptional mechanisms.
In large cells, the quantity of total RNAs was increased so that mRNA concentrations of FAS, LPL and HSL were also increased. However, when quantitative RT-PCR analysis was performed with an appropriate normalization (to compensate for the increase of total RNAs), HSL was the only one among these three genes that was significantly overexpressed in large adipocytes compared with small adipocytes. This latter result is in good agreement with the data of Holm et al, 11 who reported that lipolytic activity of enlarged fat cell paralleled the change in HSL mRNA concentration. Taken together, these results suggest that at least two mechanisms regulate mRNA concentration during a change in cell size. The first one would be a modulation of the whole RNA concentration, whereas the second one would regulate the transcription of a limited number of genes. When we examined the expression of a greater number of adipocyte genes using quantitative RT-PCR, a wide range of variations could be observed in large vs small fat cells. Among the 34 genes studied, the expression of less than 10 genes involved in the control of differentiation (cEBP-a, cEBP-d, Id1 and Id3) and of lipid storage (a 2 , b 1 and b 3 -adrenoceptors, HSL) was dramatically increased, reinforcing the idea that the change in cell size can be concomitant with specific changes in gene expression.
The important increase in LPL activity (Figure 2a ) observed in large adipocytes in the absence of important changes in mRNA concentration ( Table 1 ) would suggest that one of the numerous post-transcriptional controls of this enzyme 33 occurred in this adaptation. However, it has been recently demonstrated that adipose tissue LPL can be regulated through the transcriptional activation of a separate gene 34 and thus it cannot be excluded that adaptation of LPL activity to change in cell size would also result from a transcriptional control.
In the recent years, relationship between adipose mass and leptin expression has been investigated (for review see Ahima and Flier 35 ) . Concerning the leptin content of adipocyte as a function of cell size, conflicting data have been reported depending on the method used to measure adipose tissue cellularity. 36, 13 The present study clearly establishes that leptin expression in isolated adipocytes from the same adipose location is correlated with adipose cell size. Using whole tissue from different adipose depots, Zhang et al 37 recently suggested that adipocyte volume was the major determinant of leptin gene expression. Taken together, these data show that increasing adipose cell size within the same adipose location promotes several changes at transcriptional and perhaps post-transcriptional levels. Such mechanisms could also play a role in the adaptation of adipose function during the development of obesity in addition to the regulations induced by changes in hormones and nutrients.
Cell shape influences intracellular signalling by several pathways, including the integrin/ERKs pathway (for review see Boudreau and Jones 14 ). This pathway is also regulated by the lipid composition of plasma membrane, and Gopalakrishna et al 30 have demonstrated in rat fibroblasts that an increase in membrane cholesterol diminishes ERKs activation through regulation of b 1 -integrin function. If such a mechanism exists in adipose cell, the decrease in membrane cholesterol content that we observed in large adipocytes 20 could be a signal for the modulation of b 1 -integrin activity and the subsequent activation of ERKs pathway. ERK signalling pathway is well known to be associated with mitogenic and differentiation effects, including that in the adipose cells. 38, 39 The present study suggests that in mature adipocytes this signalling pathway, together with others, plays a role in the adaptation of fat cell metabolism to change in cell size. It is well established that activation of ERKs results in both transcriptional and posttransductional effects. 15 For instance, lipolytic activity of 3T3 adipose cells is controlled by phosphorylation of HSL through the ERK 1,2 pathway. 17 This mechanism could explain the increased lipolytic activity of large cells reported in this study. ERK 1,2 also regulates the activity of several transcription factors, which in turn modulate adipose functions. [40] [41] [42] 16 In large adipocytes, several genes known to be under the control of ERK 1,2 pathway were specifically overexpressed (cEBP-b, cEBP-d, Id3); however, they belong to a set of genes implicated in adipose differentiation than in adipose metabolism. 43, 44 Concerning the other genes affected by the enlargement of the cell, there are no data in the literature on their eventual regulation by the ERK 1,2 pathway. However, this cannot be excluded since discovery of new substrates for these MAPKs is still in progress. This obviously remains to be addressed. Taken together, these data strongly suggest that in large adipocytes, activation of ERKs might be of primary importance in the adaptation of cell functions.
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In large adipocytes, the increased ERKs phosphorylation could be attributed to the integrin activation induced by stretch of plasma membrane. Our study clearly establishes that b 1 -integrins are present in rat adipocytes and at a higher concentration in large than in small cells. It is noticeable that change in b 1 -integrin quantity paralleled change in cellsurface area (1.7-and two-fold increase, respectively). Thus, large cells with a larger surface area would have more interactions with extracellular matrix and then could modulate ERK pathway at a higher level. In good agreement with this hypothesis we show for the first time that in adipose cell, activation of these transmembrane receptors leads to the activation of ERK 1, 2 . Such an activation of ERKs by integrin has been evidenced in 3T3 swiss fibroblasts. 45 On the other hand, alteration of b 1 -integrin function resulted in a lack of ERKs activation in epithelial cells from mammary glands. 46 Thus, the overexpression of b 1 -integrin and the increased ERK activity in large adipocytes together with the demonstration that ERKs activation could occur through b 1 -integrin stimulation strongly suggest that the b 1 -integrin/ ERKs pathway is involved in the adaptation of fat cell functions to changes in cell size.
Even though large and small adipocytes came from the same adipose location, an environmental effect cannot be totally ruled out. For example, changes in innervation and irrigation of adipocytes could occur following changes in cell size, and then, modulate nutrient and hormone fluxes. To date, there are no data in the literature supporting such a hypothesis. It is known that an extensive capillary network surrounds each adipocyte 47 and Crandall et al 48 demonstrated that the blood flow per cell was remarkably similar between young and obese rats, despite significant differences in cell volume. Local cellular metabolism could also modulate adipose function. The responsiveness of leptin expression to caloric balance 49, 50 together with the recent data of Zhang et al 37 suggest that leptin expression levels could be also determined by rates of nutrient uptake and anabolic metabolism. Thus, these hypothesis need to be more extensively investigated and it must be kept in mind that more than one mechanism play a role in the adaptation of adipose function to cell size.
In conclusion, these data provide evidences that within the same adipose location, adipocyte functions vary according to cell size. At variance to what is observed in obesity syndrome, these changes cannot be attributed to changes in nutritional and/or hormonal conditions. In response to fat accumulation, the relationships between plasma membrane and extracellular matrix would be modified so that an integrin/ERKs signalling pathway would be turned on to promote activation of adipocyte functions. In addition, depletion of membrane cholesterol content could be an additional signal for the regulation of integrin functions and then ERK 1,2 activation. Our data also suggest that the signalling pathways responsible for the adaptations to cell size could also play a role in metabolic changes that occur during the development of obesity.
